Optical limiting in highly oriented lead magnesium niobate-lead titanate multilayers has been investigated at both 1.064 and 0.532 m wavelengths. Limiting thresholds for three such multilayers having periods of 20, 106, and 218 nm, respectively, were determined at the level ϳ220 J/pulse for 1.064 m and ϳ150 J/pulse for 0.532 m. Nonlinear optical scattering from domain walls was used to explain the observed limiting behavior. Possible formation of nonlinear refraction grating was also discussed. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2902318͔
A typical application for an optical limiter is the protection of optoelectronic sensors. The simplest configuration for optical limiting can be realized by placing a nonlinear absorber or scatterer in front of the sensor. 1 In practice, however, harsh environments require a limiting material having overall outperformed properties. For example, in laser countermeasures, such limiters are only required to respond to a few opponent lasers' wavelengths. It will be more critical for them to be mechanically strong and tough, to have low limiting thresholds, direct applicability to those sensors' windows, the ability to effectively respond to multiple pulse durations, etc. Optical limiters that have been investigated so far normally rely on using an optical material that exhibits at least one nonlinear mechanism. It includes nonlinear absorption, 2 nonlinear refraction, 3 induced scattering, 4 twophoton absorption, 5 etc. Availability of a new limiting material simultaneously possessing multiple nonlinear mechanisms will be then important.
Introduction of optical nonlinearity into an average periodic medium can dramatically alter the light propagation characteristics. 6, 7 Enhanced optical reflection under strong light intensity was proposed to develop narrow-band limiters when using periodic nonlinear structures 8 and further for broadband limiters when using disordered structures. 9 Arguable advantages of such reflection-based limiters include their being free from vulnerability of material damage or loss of laser coherence and the potential to be less angular insensitive when using the three-dimensional design.
Relaxor ferroelectric oxides with their compositions near the morphology phase boundary ͑MPB͒ are attractive for potential electro-optic ͑EO͒ applications due to their large spontaneous polarization ͑SP͒, diffusive dielectric response, inhomogeneous and complicated domain structure. 10 Use of nonlinear scattering from ferroelectric domain walls as possible optical limiters was recently investigated in SrBi 2 Ta 2 O 9 and PbZr x Ti 1−x O 3 ͑PZT͒ films. Much enhanced nonlinear scattering was observed in PZT thin films when the composition is close to its MPB. 11 However, those oxide limiters show fairly high limiting thresholds.
In this letter, optical limiting from nonlinear refraction and nonlinear scattering was studied using carefully designed multilayers composed of rhombohedral ͑R͒ and tetragonal ͑T͒ lead magnesium niobate-lead titanate ͓͑1 − x͒Pb͑Mg 1/3 Nb 2/3 ͒O 3 -xPbTiO 3 , ͑1−x͒PMN-xPT͔. Enhanced nonlinear scattering was attributed to domain changing under strong light fields. Possible formation of nonlinear refraction gratings was supported by the observed in-plane anisotropy optical limiting, which was also correlated to the previously observed in-plane anisotropy of quadratic EO effect.
The lattice mismatch is ϳ0.04% for the two R and T compositions ͑x = 0.26 and x = 0.40, respectively͒ selected for this research. Highly oriented PMN-PT R / T multilayers can be fairly easy grown on those nearly lattice-matched substrates such as SrTiO 3 and LaAlO 3 ͑LAO͒, via a digital ͑au-tomatic dipcoating͒ chemical liquid deposition ͑dCLD͒ uniquely using metal-organic precursors diluted in methanol. 10, 12 Thickness per loop was estimated through dividing the film thickness by the used dipping loop number, which has ϳ3% error in our case. During the deposition, the sample repeats the crystallization at ϳ670°C.
In theory, to achieve high reflection, each lamellar inside an optical multilayer should have its thickness ͑d i ͒ equal to d i = / 4n i . For PMN-PT, accurate refractive dispersion is currently unavailable. For the 1064 nm wavelength, refractive indices of two selected compositions are estimated to be 2.4 and 2.5, respectively. For 532 nm, they are 2.5 and 2.6. 13 Considering the error in the thickness control, it will be acceptable to use average refractive indices to determine the multilayers' periods and to assume their duty cycle equal to 1. For reflecting 1064 and 532 nm lights, the designed periods are 218 and 106 nm, respectively. A third period of 20 nm is simply used for comparing with the above two cases. Three such multilayers having a similar thickness of ϳ0.44 m were grown on ͑100͒-LAO substrates ͑ϳ5 % lattice mismatch to PMN-PT͒, and they are highly ͑001͒ oriented according to x-ray diffraction ͑XRD͒ analysis and show a good in-plane orientation too according to the rocking curve analysis performed along the ͑111͒ peak. spectrum is slightly broader than that of the MPB x = 0.33 film ͑the average of the two selected R and T compositions͒. This difference is also shown in the ferroelectric hysteresis results ͑inset in Fig. 1͒ , in which the 20 nm multilayer has a coercive field and a remnant polarization of ͑2P r ͒ ϳ 0.17 MV/ cm and ϳ32.0 C / cm 2 , respectively, and the x = 0.33 film ϳ0.12 MV/ cm and ϳ25.0 C / cm 2 . Such results support the fact that the 20 nm period multilayer remains distinctive to the averaged MPB thin film but may be close to the limit on the period below which the R phase will be changed to T phase by the strong internal lattice strain, as was recently found in PbZr 0.4 Ti 0.6 O 3 / PbZr 0.6 Ti 0.4 O 3 superlattices when the average period approaches 8 nm.
14 Standard transmission mode was used to measure optical limiting. Both fundamental ͑1064 nm͒ and second harmonic ͑532 nm͒ single-mode outputs from a Q-switched Nd doped yttrium aluminum garnet laser were used, and the laser has ϳ10 ns pulse width. The two emissions were focused using two lenses having f = 20 and 10 cm, respectively, in order to maintain a similar beam size of ϳ40 m at the focal plane. The input intensity was adjusted by an optical attenuator and its polarization can be selected by a half-wave plate. In order to reduce the cumulative thermal effect, the laser was operated under the single-shot mode. The LAO substrates were pre-examined showing no apparent optical limiting behavior. Figure 2 shows the observed limiting behavior of the three samples. The incident polarization was aligned 45°to the film's in-plane main axes ͑identifiable from the LAOs twin boundaries͒. When the input energy is Շ220 J/pulse, the ratio of input over output is almost linear but is less than unity. This can be explained by the existence of material absorption. When exceeding ϳ220 J/pulse, typical limiting behavior was observed in all three samples and the 218 nm multilayer shows a slightly flatter slope than that of the rest two samples. Damage occurs when the pulse energy is Ͼ630 J and becomes visible when above this threshold ͑in-set in Fig. 2͒ . A similar optical limiting behavior was observed when using the 532 nm wavelength ͑Fig. 3͒, except a lowered limiting threshold, which is ϳ150 J/pulse. This is understandable because of the used high photon energy. Line slopes when below the limiting threshold are less steep than those in Fig. 2 , which indicates the increasing material absorption when approaching PMN-PT's absorption edges ͑Ͻ450 nm͒. 15 The 106 nm multilayer shows a slightly flatter slope than that from the rest two samples.
The common optical limiting behavior observed can be possibly explained by the enhanced nonlinear scattering of the incident light by internal ferroelectric domains. For the R phase, the SP has eight possible spatial directions along ͕111͖, which result in non-180°domain walls including 71°a nd 109°walls. Meanwhile, for the T phase, it has two possible SP directions along either ͑001͒ or ͑001͒, which correspond to 90°and 180°domain walls. Photogenerated carriers by the strong laser field have two possible ways to enhance the nonlinear scattering from those domain walls:
11,16 ͑1͒ they compensate the trapped electrons and holes associated with those positive ions inside the lattice, which can result in an increase in the number of domain walls, and ͑2͒ they pin those non-180°domain walls, which lessen the domain alignment capability and then strengthen the optical scattering. The observed stronger nonlinear scattering in the 20 nm multilayer indicates an easier domain reorientation under a stronger structural coupling. This corresponds fairly well with the observed trend of increasing quadratic EO effect when reducing the period. 12 Possible formation of a nonlinear grating which overlaps the existing linear grating, is used to explain the observed flat slopes in the 218 nm multilayer for the 1064 nm wavelength and the 106 nm multilayer for 532 nm. Ideally, the multilayer should have a periodic modulation over both linear and nonlinear refractive indices following n i = n oi + n nli I ͑where i is the laminar number͒. Here, n nl is the Kerr coefficient related to the third-order susceptibility ͑3͒ and has a similar physical origin as the quadratic EO effect. 17 Previous EO measurements show an order of improvement in the PMN-PT R phase over that in the T phase, 18 and this large nonlinear index difference between R and T phases could strongly affect the refection characteristics from the otherwise existing linear index grating. In theory, one could design an initial linear grating slightly off the exact Bragg condition and bring back to it by superposing a nonlinear grating caused by the strong light field at a very low threshold.
In-plane anisotropic optical limiting was also observed when aligning the incident 1064 nm laser beam's polarization parallel to one of the in-plane main axes of the 218 nm multilayer, which indirectly supports a possible formation of a nonlinear grating discussed before ͑Fig. 4͒. The inset in Fig. 4 shows the schematic of the incident laser beam's polarization layout. Similar in-plane optical limiting anisotropy was also observed in the 106 nm multilayer for the 532 nm wavelength. Such results correspond well with the previous observation of a quadratic EO in-plane anisotropy, which was further explained by the degree of easiness of the ferroelectric domain reorientation along those in-plane directions under an applied external electric field. 19 In conclusion, optical limiting behavior in highly oriented PMN-PT R / T multilayers for both 1064 and 543 nm wavelengths were investigated and explained by possible nonlinear refractive and nonlinear scattering mechanisms. The obtained results are supportive to the potential in developing low threshold optical limiting oxide materials for further optoelectronic sensor protection. 
